abstract BACKGROUND AND OBJECTIVE: Individuals with attention-deficit/ hyperactivity disorder (ADHD) have a significantly higher risk of cigarette smoking. The nature of the relationship between smoking and psychostimulant medications commonly used to treat ADHD is controversial. Our objective was to examine the relationship between stimulant treatment of ADHD and cigarette smoking by using meta-analysis, and to identify study and sample characteristics that moderate this relationship.
Attention-deficit/hyperactivity disorder (ADHD) is one of the most common psychiatric disorders [1] [2] [3] and confers risk for a variety of functional impairments into adulthood. 4 One of the most costly and well-documented of these risks is higher rates of cigarette smoking. 5, 6 Youth with ADHD are 2 to 3 times more likely to smoke cigarettes than their peers without ADHD. [7] [8] [9] [10] [11] [12] They also begin smoking earlier 7, 13 and progress more quickly to regular use and dependence. 8 ADHD youth smokers are also at higher risk for drug and alcohol use disorders than youth with ADHD who do not smoke. 14, 15 The association between ADHD and smoking persists across development, with 40% of adults with ADHD smoking regularly, 16 compared with ∼19% of the general population. 17 Furthermore, adults with ADHD have lower rates of success with smoking cessation than adults without ADHD. 8, 18 Given the enormous burden smoking places on public health, 19 it is critical to identify factors that influence the development of nicotine use in youth with ADHD to inform prevention and treatment efforts.
Convergent evidence suggests that stimulant medication (ie, d-amphetamine, methylphenidate), which is a frontline treatment of ADHD, may influence smoking-related outcomes. Nicotine operates on the same dopaminergic pathways as these medications 20, 21 and, like stimulants, improves neurocognitive processes that are disrupted in ADHD. 22, 23 Nicotine enhances attention in both ADHD and non-ADHD individuals, and improves clinical functioning in patients with ADHD. 24 There is also evidence for the efficacy of nicotinic agonists and partial agonists as monotherapy for adults with ADHD, 25, 26 though these effects have not been consistently replicated. [27] [28] [29] Thus, it has been suggested that individuals with ADHD "self-medicate" their attentional deficits with nicotine delivered via cigarette smoking. [30] [31] [32] [33] The evidence on how stimulant drugs influence smoking behavior is mixed. Several laboratory studies, including 1 with ADHD smokers, have revealed that methylphenidate or amphetamine increase cigarette smoking. [34] [35] [36] [37] [38] [39] In contrast, however, a recent study revealed no effect of methylphenidate on choices of cigarette puffs versus money for ADHD and non-ADHD adults. 40 Randomized clinical trials of stimulants to aid cessation among ADHD smokers have revealed no evidence that either methylphenidate or amphetamine products are more effective than placebo for facilitating smoking abstinence. 41, 42 However, in contrast to some laboratory studies, both stimulant and placebotreated individuals in these studies reduced the number of cigarettes smoked daily, 42, 43 and 1 open label study revealed that methylphenidate treatment decreased smoking to below the population rate. 44 Longitudinal studies that have examined smoking outcomes in stimulanttreated ADHD youth provide a more robust approach to evaluate the relationship between stimulant treatment and smoking outcomes. A recent metaanalysis 45 including smoking outcome data from 5 longitudinal studies revealed no overall effect of stimulant treatment on "ever trying" cigarettes or on a subsequent Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) diagnosis of nicotine dependence (ND). However, additional measures of smoking may be of interest in conceptualizing smoking outcomes for adolescents, because the majority of adolescent smokers do not meet full criteria for ND, 46, 47 which may take several years to develop after smoking initiation. 47 Frequency of smoking is found to be a better predictor of the progression to regular smoking than ND for adolescents who are newer to smoking. 48 Defining smoking more broadly may therefore increase sensitivity to detect differences between treated and untreated youth.
The current study is a meta-analysis of more than a dozen longitudinal studies. We sought to ascertain the nature and magnitude of the association between stimulant treatment and smoking by using a large and diverse sample. The study advances knowledge from previous reviews and meta-analyses on the topic in several important ways. First, we included a broader range of smoking measures in addition to ND, which provides a substantially larger sample. Second, we examined methodological discrepancies across studies that may help explain differences in findings across studies, specifically in regard to sample characteristics (age, type of sample), definition of stimulant treatment, smoking outcome measure, and consideration of comorbid externalizing problems. Our goal was to identify factors that may contribute to smoking risk for stimulant-treated youth, which would therefore have implications for effective prevention and treatment practices. A thorough examination of the association between stimulant treatment and smoking serves to inform efforts to prevent smoking in ADHD youth, who have not previously been targeted for smoking prevention efforts despite the well-known ADHD-smoking comorbidity.
METHODS

Search Procedure
Studies were identified by using searches in PubMed and PsycInfo databases including the following: [ADHD, ADD, attention deficit, attention deficit/hyperactivity disorder, hyperactive, hyperkinetic] AND [stimulant, pharmacotherapy, psychostimulant, medication, methylphenidate, amphetamine, treatment] AND [substances, cigarette, nicotine, smoking, tobacco]. We also used the ancestry approach whereby we examined the reference sections of relevant studies to find other articles that met criteria. The last search was conducted in July 2013.
Eligibility Criteria
Studies selected for the current metaanalysis met the following criteria:
Participants
Studies included a sample identified as having ADHD or clinically elevated ADHD symptoms. Diagnosis was established through DSM-based diagnostic evaluation or family-reported previous diagnosis of ADHD; standardized ADHD rating scales were used to establish clinical elevations. We excluded samples recruited due to current smoking (ie, smoking cessation trial).
Study Design
We included randomized or nonrandomized treatment studies, as well as prospective or retrospective naturalistic studies.
Intervention
Studies compared at least 2 treatment groups, with at least 1 group receiving psychostimulant treatment of ADHD.
Outcome
Any measure of cigarette smoking was sufficient for inclusion in the overall review. For inclusion in the metaanalysis, studies had to include a binary measure of regular smoking.
Publication
Peer-reviewed journal articles or book chapters published in English between 1980 and July 2013 were included.
Data
Forinclusioninthemeta-analysis,studies must have revealed sufficient information to ascertain the number of smokers in the treated and comparison groups, or provided an odds ratio (OR) or hazard ratio (HR) comparing smoking prevalence across treatment groups. Studies were excluded for the following reasons: insufficient data available/lack of outcome measure consistent with regular smoking; no ADHD sample; smoking cessation trial; or inclusion of non-ADHD participants in the no-treatment group.
Data Extraction
Eligible studies were reviewed by 2 authors to extract methodological information and statistical information. Smoking outcome data from the longest follow-up period were used in the study. When reported, we extracted the number of smokers (regular smoking, ND) for treated and comparison groups. When these numbers were unavailable, the investigators emailed the authors to request additional information. If the information could not be obtained through this request, the frequencies of smokers/ nonsmokers in each group were approximated by using other quantitative information available in the article if possible (eg, percentages, partial information on frequencies of smokers/ nonsmokers). Discrepancies across reviewers in calculating the frequencies were resolved through discussion. When articles included only sample size and an OR or HR, the frequencies of smokers/ nonsmokers in each treatment group were calculated by using the following procedure:(1) theaverage percentageof smokers in the untreated samples was calculated across all studies reporting precise frequencies, (2) this average was used to calculate a frequency of untreated smokers for the study in question, and (3) the frequency of smokers in the treated group was input accordingly to replicate the OR/HR reported in the article.
Sample/methodological information extracted from the studies and coded categorically included the following:
Participants
We coded the source of the study sample as follows: community-based sample, from schools or larger naturalistic studies (0); primary care or outpatient clinic sample (1); and sample referred for psychiatric treatment (2) . Average age of participants at follow-up was coded as follows: adolescence (0, approximately half or more of the sample under age 18); adulthood (1, majority over age 18). Percentage of male participants in the sample was included as a continuous covariate.
Intervention
We coded consistency of treatment during the study period as follows: participants who were "ever treated" with stimulants compared with those that were "never treated," regardless of treatment adherence or duration, or no information available on treatment adherence or consistency (0); treatment group treated consistently throughout the study period or still treated at follow-up (1).
Comparison
Studies were coded for whether analyses accounted for conduct disorder (CD; 1) or not (0).
Outcomes
Smoking outcome measures were coded as follows: "regular"/daily or "current" smoking, positive cotinine screens (0); ND (1).
Study Design
Studies were coded for following participants naturalistically (0) or prospective studies in which participants were evaluated for medication treatment at baseline (1).
Study Quality
Quality was rated by 2 authors using the Ottawa Quality Assessment Scale, 49 which is used to rate cohort study quality on a 1 to 9 scale with regard to selection of participants (4 criteria), comparability of cohorts (2 criteria), and assessment of outcome (3 criteria). Interrater discrepancies were resolved through discussion. Quality ratings are reported in Table 1 .
Statistical Analyses
Extracted data were entered into RevMan software, version 5.2. 50 This software used frequencies of smokers/nonsmokers to calculate each study' s OR for the association between medication status (medicated versus nonmedicated) and smoking outcomes (regular smoking, yes versus no). An OR of 1 indicates equivalent rates of smoking across the 2 groups; OR , 1 indicates lower smoking in the medicated group; OR . 1 indicates more smoking in the medicated group. We used the MantelHaenzel random-effects method to pool the ORs, with 95% confidence interval (CI) to provide information on the precision of measurement. Randomeffects models provide more conservative estimates of variance when combining studies with considerable variation in sample and methodology, such as those in the current review. We reported the fixed-effects model for comparison. Heterogeneity was estimated by using the I-square heterogeneity statistic, which estimates the percentage of variability attributed to heterogeneity rather than other sources of error or chance. I 2 . 50 and P , .05 is considered to indicate significant heterogeneity. Publication bias was assessed by using a funnel plot, which plots each study' s effect size against SE, and with Egger' s test. 51 We also conducted subgroup analyses by using meta-regression in SAS (SAS Institute, Inc, Cary, NC) to test the contribution of study characteristics to heterogeneity of effect sizes across studies. Metaregression consisted of simple linear regression by using study methodological attributes to predict study effect sizes (Log[OR]), weighted by the variance of the effect size. A mixed effects model was used with random intercept parameters controlling study-to-study extra variability. Figure 1 describes study identification and screening process. We identified 17 studies meeting inclusion criteria in the overall review; sufficient measures and statistical information for inclusion in the meta-analysis were available for 15 of 17 of the studies, and 14 of 17 were included in the meta-analysis (2 studies used the same sample, we included only the longer follow-up 52 ). The 14 studies included a total of 2360 participants with ADHD; 1424 participants were treated with medication and 936 were not. Table 1 shows sample characteristics, methodological attributes, and overall documented effects for the studies. Of 17 studies, one revealed increased rates of smoking with stimulant treatment; nine revealed that stimulant treatment was associated with lower rates or later smoking onset; five revealed no significant association between stimulant treatment and smoking; two revealed an association of stimulant treatment with smoking (1 positive and 1 negative) that was fully accounted for by comorbid CD. Figure 2 shows ORs and 95% CIs for each study. When comparing samples that were ever treated versus never treated with stimulants and using the closest approximation of regular/daily smoking (Table 1) as the outcome, the pooled random effects OR was 0.54 (95% CI: 0.38-0.78), indicating stimulant-treated youth had lower rates of smoking overall than untreated youth. The OR for the fixed-effects model was 0.61 and statistically significant (95% CI: 0.50-0.76). The funnel plot (Fig 3) was symmetrical aside from 1 outlier, which had a large SE and a large OR. Thus, analyses were also conducted without this outlier with no observed differences in the significance level of findings. The bias statistic from Egger' s test was nonsignificant (t = 21.67, P = .12), indicating no significant publication bias.
RESULTS
Meta-Analysis
Significant heterogeneity was detected: x 2 (13) = 33.28, P , .01, I 2 = 61.0. Results of leave-one-out sensitivity analyses indicated that no single study significantly influenced the pooled OR for the association between stimulant treatment and nicotine use (pooled OR ranged from 0.50 to 0.57, and no 95% CI contained 1).
Moderator Analysis
Participants. Length of study follow-up ranged from 2 to 26 years (median = 7.3 years). Three additional studies used retrospective childhood reports in adulthood. Meta-regression revealed a stronger protective effect of stimulant medication for studies measuring smoking outcomes in adolescence compared with young adulthood (t[12] = 22.95, P , .05), and for samples with fewer male participants (t[12] = 4.63, P , .001). Moderation by gender remained significant even after removing the only study with an all-female sample 53 (t[11] = 3.10, P , .05), which was identified as a significant source of heterogeneity in a previous meta-analysis. 45 The protective effect was also larger for clinical samples compared with community-based samples (t[10] = 3.68, P , .01), even when controlling for the percentage of male participants, which is often higher in clinical samples. Gender remained significantly associated with effect size in this model (t[10] = 4.61, P , .01).
Though most studies used samples with a DSM-based ADHD diagnosis, the 2 studies recruiting children under age 10 identified as "hyperactive" were the only 2 studies revealing higher rates of smoking for stimulant-treated children. This effect became nonsignificant when controlling for CD for 1 study, 54 and the other study did not control for CD. 55 Thus, these findings may be REVIEW ARTICLE PEDIATRICS Volume 133, Number 6, June 2014explained by conflation of treatment status and CD in hyperactive samples.
Intervention
Seven studies dichotomized the sample into 2 treatment-status groups on the basis of any history versus no history of stimulant treatment. Six studies defined "treated" participants as those maintained continuously on their medication regimen, and 4 studies divided the treated group into subcategories on the basis of consistency of treatment, such as youth treated before versus after age 12, in the past versus currently, or .50% versus ,50% of the time.
Meta-regression revealed larger effect sizes for studies defining treatment as consistent (t[12] = 2.73, P , .05). Additionally, subgroup analyses revealed that the pooled OR for studies with consistent treatment was significant (OR = 0.44 [95% CI: 0.32-0.61]) with no significant heterogeneity (I 2 = 19%), whereas the OR for studies comparing ever-treated to never-treated samples was nonsignificant (OR = 0.87 [95% CI: 0.46-1.66]) with significant heterogeneity (I 2 = 69%). Thus, the protective effects of stimulants against smoking were only significant for the subsample of studies in which participants were consistently treated. Additionally, 1 study revealed that regardless of medication status, individuals whose ADHD symptoms were well-managed by medication had lower rates of smoking than individuals whose ADHD symptoms continued to exceed clinical thresholds. 56 Another study 57 revealed delayed progression to regular smoking for youth while they were treated.
Comparisons
Thirteen of 17 studies assessed participants for CD, though only nine revealed that CD was incorporated in analyses. CD fully accounted for treatment group differences in smoking in 2 studies, and 3 studies revealed that CD predicted smoking independent of treatment status. Meta-regression indicated larger protectiveeffectsofstimulantsforstudiesthat controlled for CD (t[12] = 2.88, P , .05).
Outcomes
Five studies used DSM-IV diagnosis of ND as the primary smoking outcome variable, whereas 10 studies defined their smoking group as self-described regular smokers (5 studies), current smokers (2 studies) or daily smokers (1 study), or used positive cotinine screens to indicate current smoking (2 studies). Meta-regression revealed no significant difference in effect size for studies that used ND as the outcome compared with regular/current smoking. However, subgroup analyses indicated that the pooled OR for the studies that used ND was nonsignificant (OR = 0.60 [95% CI: 0.30-1.23]; I 2 = 67%), whereas the pooled OR was significant for the studies that measured regular smoking (OR = 0.51 [95% CI: 0.32-0.80]; I 2 = 63%). In other words, the protective effects of stimulants against smoking were only apparent for the subset of studies that measured regular smoking as opposed to ND. Five studies measured age of smoking onset as an additional outcome variable, and only 1 revealed a significant association between stimulant treatment and later age of smoking onset. 53 A study that used ever trying smoking as the primary outcome revealed a null effect. 58 
Study Design
Meta-regression indicated no significant differences in effect sizes for
FIGURE 1
Flowchart of study inclusion (preferred reporting items for systematic reviews and meta-analyses).
FIGURE 2
Meta-analysis of ORs of smoking for stimulant-treated individuals with ADHD. aAdditional unpublished data provided by author, results differ from published data.
REVIEW ARTICLE PEDIATRICS Volume 133, Number 6, June 2014naturalisticstudies,inwhichparticipants mostly self-selected into treatmentseeking categories, compared with prospective studies in which the entire sample received a medication evaluation and treatment categories were more likely to be defined by physician preferences (t[12] = 22.05, P = .06). Only 1 study, the Multimodal Treatment Study for ADHD (MTA Study), employed random assignment to medication conditions or included a placebo comparison. At 8-year follow-up, no significant association was reported between ever receiving stimulant treatment and ND diagnosis 12 ; however, additional data provided by the author indicated that for youth who continued to take stimulant medication more than 50% of the time at follow-up, medication was associated with lower rates of daily smoking (OR = 0.51 [95% CI: 0.27-0.97]).
DISCUSSION
This review constitutes the largest metaanalysis of the relation between stimulant medication treatment and smoking outcomes for ADHD individuals to date, and the first to systematically examine whether methodological attributes moderate effect sizes across studies. We reviewed 17 studies and meta-analyzed 14 to examine the relationship between stimulant treatment of ADHD and cigarette smoking over time. Stimulant treatment was associated with a lower risk for subsequent smoking, with larger protective effects of stimulants in studies that used clinical samples, included more female participants, and conducted follow-up in adolescence as opposed to adulthood. Effect sizes were also larger for studies that defined stimulant treatment as continuous and accounted for comorbid CD in analyses.
Our overall findings differed from those of a previous meta-analysis of 5 studies revealing no significant relationship between stimulant treatment and ND. 45 A primary difference between the current and previous meta-analyses was that we included studies utilizing a range of smoking outcomes, whereas the previous study focused on studies that measured ND. Although we did not find statistical differences between effects sizes of studies using ND versus measures of regular smoking, the overall protective effect of stimulants against smoking was significant only for the subsample of studies that used measures of regular smoking, and not those that used ND. Thus, our findings are consistent with the previous meta-analysis' conclusions that stimulant treatment does not have a significant impact on ND diagnosis, and support the notion that multiple measures of smoking are of interest in addition to ND when examining smoking outcomes in adolescent and young adult populations.
Effect sizes were larger for studies that measuredsmokingin adolescence versus adulthood. Two other meta-analyses 45, 59 revealed a similar age effect for stimulants on drug and alcohol use outcomes. Indeed, young adults have had more time and opportunity to become smokers than adolescents. Another potential explanation is that consistent stimulant treatment may mitigate social risk factors that contribute to smoking in adolescence but are less influential adulthood, such as school failure, 60 family conflict, 61 or exposure to delinquent peers. 62 Alternatively, poor parental monitoring and parent-child communication have been found to predict smoking for ADHD adolescents, 63, 64 and treatment-seeking parents may be more engaged in parenting and monitoring. Children who were consistently followed by medical providers for medication management may have also received more oversight and monitoring, thus reducing their risk. Regardless, the protective effects of stimulants to reduce adolescent smoking are clinically relevant, given the association of even occasional adolescent smoking with smoking in adulthood. 65 The protective effect of stimulants against smoking was stronger for studies that conceptualized treatment as consistent versus those comparing ever-treated to never-treated youth. It is possible that reduced smoking among medicated youth occurs because ADHD symptoms and impairment are effectively mitigated by medication. This notion is consistent with findings of included studies for which symptom management was more predictive of smoking than medication status, 56 and
FIGURE 3
Funnel plot to assess presence of publication bias. consistent medication treatment delayed the onset of smoking. 57 Further research is needed to better understand aspects of stimulant treatment, such as age of initiation, duration, adherence, or effectiveness, that are associated with positive outcomes for youth, though the current study points to benefits of consistent treatment.
Intervention selection bias, which occurs when the severity of pathology is positively correlated with both treatment status and maladaptive outcomes, is of concern in nonrandomized studies such as most of those included in this review. 66 For example, youth with more severe externalizing or conduct problems are more likely to smoke 67 and may also be more likely to be referred for treatment, thus conflating treatment status with smoking. Consistent with this notion, studies that controlled for CD revealed stronger protective effects of stimulants. Indeed, the only study to reveal an iatrogenic effect of stimulants to increase smoking did not control for CD. 55 Protective effects of stimulants were larger in clinical versus communitybased samples. Samples of ADHD youth recruited through treatment referrals often exhibit more deficits than do children with ADHD in the community, 68 including more severe symptoms, impairment, or comorbidities. Thus, medication effects would be more apparent in clinical samples. Even when accounting for whether the sample was clinical or community-based, we found stronger protective effects of stimulants for samples including more female participants. This finding is consistent with Humphreys et al' s 45 findings for nonspecific drug use, though the effect was accounted for by a single study in their analyses. The majority of ADHD treatment studies have focused on men and further research on stimulant treatment, ADHD, and substance use in women is needed.
Limitations
Nearly all studies included in the current review are naturalistic. In the absence of randomization, one cannot identify a causal relationship between stimulants and smoking, or rule out alternative explanations for this association. Youth who received medication may have had greater access to treatment, including parents with more knowledge of ADHD or more opportunities for nonpharmacological treatment. Most of the studies did not provide sufficient data to examine the influence of sample demographics, and this will be an important area for further study. We were also unable to examine differential effects of stimulants on smoking across subtype or severity of ADHD or accounting for comorbidities besides CD. The presentation, symptoms, and impairment associated with ADHD varies greatly across individuals, and some evidence indicates that underlying mechanisms and level of risk of substance use may differ across ADHD subtypes 69, 70 or in the presence of other comorbidities (eg, possible protective effect of anxiety against substance use 71 ). Furthermore, few of the current studies provided quantitative information on the duration of treatment or age at onset. Future studies may examine the relation of such aspects of treatment to smoking outcomes to help inform clinicians' decisions about when to start and how long to continue treatment.
Our analysis also does not directly address the previously noted discrepancy between laboratory studies of stimulant effects on smoking behavior. [34] [35] [36] [37] [38] [39] [40] Although clinical trials of treatmentseeking smokers with ADHD have shown that neither methylphenidate nor amphetamine increase smoking, 41, 42 studies have not examined how stimulant treatment might influence naturalistic smoking among individuals with ADHD who are not trying to quit. Such studies are necessary to resolve this discrepancy between laboratory studies and clinical trials of smoking cessation.
Although nearly half of our included studies revealed nonsignificant results and our methods did not suggest publication bias, only published studies on stimulant treatment and smoking were included. Thus, publication bias cannot be eliminated as a possibility.
Implications for Treatment and Prevention
Consistent with previous metaanalyses, 45, 59 our findings indicate that stimulant treatment of ADHD does not increase the risk for smoking and when used consistently, may actually lower such risk. Further research is necessary to identify behavioral and neuropharmacological mechanisms that underlie the observed relation between stimulant medication and smoking, and to rule out extraneous variables that may explain the association. Current findings support the continued use of psychostimulants to improve adaptive functioning in youth with ADHD, and suggest that there may be better results when medication adherence is consistent and symptoms are managed effectively. Unfortunately, treatments for ADHD are highly underutilized 72 and long-term adherence is poor. [73] [74] [75] [76] Strategies to improve treatment engagement and retention for youth with ADHD may not only maximize the effectiveness of medication, but could have additional benefits to reduce the smoking risk status of this population.
